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Reporting in Developmental Cell, Schlaitz et al. (2013) show that endoplasmic reticulum (ER) membrane
exclusion from the mitotic spindle is an active process requiring REEP membrane proteins. REEP protein
depletion results in ER membrane retention on the spindle and chromosomes, leading to defects in chromo-
some segregation and nuclear envelope assembly.It is well established that the distribution
of organelles within cells is intimately
coupled to cell and tissue function. During
mitosis, however, much of this spatial
organization is lost as a prerequisite for
the partitioning of both chromosomes
and cytoplasmic components between
the two daughters. Indeed, certain organ-
elles, such as the nuclear envelope (NE)
and Golgi apparatus, lose their interphase
identities, which must be reestablished
during mitotic exit. In metazoa, which
undergo an open mitosis, the NE must
be dismantled in order for condensed
chromosomes to gain access to microtu-
bules of themitotic spindle (Hetzer, 2010).
The most prominent features of the NE
are the inner and outer nuclear mem-
branes (INM and ONM). These are con-
nected at annular junctions where they
are spanned by nuclear pore complexes
(NPCs), the channels that mediate the
nucleocytoplasmic trafficking of macro-
molecules. The ONM also displays conti-
nuities with the peripheral endoplasmic
reticulum (ER), to which it is functionally
related. During mitotic prophase, NE
breakdown is facilitated by the action
of NPC-associated cytoplasmic dynein,
which serves to peel open the nuclear
membranes (Beaudouin et al., 2002;
Bolhy et al., 2011; Salina et al., 2002).
Following this dynein action, INM and
ONM components disperse within the
peripheral ER, with the nuclear mem-
branes ceasing to exist as biochemically
distinct entities. At the same time, the
ER itself undergoes architectural changes
involving progressive tubulation at the
expense of cisternal ER elements (Puhka
et al., 2012). In many cell types, by meta-
phase, the ER is present as a tubular
network that extends to all regions of
the mitotic cytoplasm except the mitotic
spindle, from which it is excluded. Themechanisms underlying the exclusion
of membranes, including those of the
ER, from the mitotic spindle are only
poorly understood. However, Schlaitz
et al. (2013) now demonstrate in this
issue of Developmental Cell that the
maintenance of an ER membrane-free
environment within the spindle is an active
process dependent upon microtubule-
associated membrane proteins of the
receptor expression enhancing protein
(REEP) family (Park et al., 2010).
Schlaitz et al. (2013) originally set out
to identify membrane proteins that link
organelles to microtubules. Among the
candidates they detected was REEP4,
an ER membrane protein that features a
predicted hydrophobic hairpin-like struc-
ture (Figures 1A and 1B). REEP4 and a
closely related protein REEP3 belong to
a larger family that includes REEP5/DP1
and the reticulons (Figure 1C) (Voeltz
et al., 2006). These latter proteins have
well-defined roles in determining ER
morphology. In particular, they stabilize
ER tubules, where they are highly en-
riched, by inducing membrane curvature.
This unique activity of REEP5/DP1 and
the reticulons is a function of their unusual
structure, which forms a pair of hydro-
phobic hairpins that dip in to the cyto-
plasmic leaflet of the ER lipid bilayer
(Figure 1C). This effectively increases the
surface area of the cytoplasmic versus
luminal leaflet, resulting in altered bilayer
geometry.
REEP3 and REEP4 do not appear to
share this membrane morphogenic func-
tion with REEP5 and the reticulons,
because they are present in both tubular
and planar ER membranes. While they
are predicted to possess at least one
membrane-associated hairpin sequence,
the conformation of a second hydro-
phobic sequence is uncertain (Figure 1ADevelopmental Cell 26versus Figure 1B). To explore the roles
of REEP3 and REEP4, which turn out to
be functionally redundant, Schlaitz et al.
(2013) depleted HeLa cells of both pro-
teins by RNA interference (RNAi). The
result was the appearance of intranuclear
membranes that contained nuclear pore
complex proteins as well as other NE
components. These nuclear membrane
perturbations were established during
mitosis, and arrest of cells in S phase
protected them from REEP3/4 depletion.
Examination of mitotic cells lacking
REEP3/4 revealed a striking phenome-
non: ER membranes were found to
be associated with both spindle micro-
tubules and chromosomes at the meta-
phase plate. Membranes were also
associated with chromosomes in early
anaphase, suggesting that premature
NE assembly was taking place in the
absence of REEP3/4. This was accom-
panied by chromosome segregation de-
fects, including an increased frequency
of lagging chromosomes and the appear-
ance of anaphase bridges. Later, in telo-
phase and early G1, daughter cells were
separated by an unusually short intercel-
lular bridge.
What is evident from these studies is
that REEP3 and REEP4 are required for
the clearance of ER membranes from
the neighborhood of the spindle. By
comparing the sequences of REEP3/4
with that of REEP5/DP1 (which does
not bind microtubules), the authors
were able to define a 17 amino acid
sequence linking the two hydrophobic
domains that is responsible for micro-
tubule association. Mitotic defects in
cells depleted of REEP3/4 by RNAi
could be abrogated by transfection with
an RNAi-resistant REEP4 construct. In
contrast, a version of REEP4 in which
the 17 amino acid microtubule-interacting, August 12, 2013 ª2013 Elsevier Inc. 221
Figure 1. Topologies of REEP Proteins in the ER Membrane
Possible conformations of REEP3 andREEP4 in ERmembranes (A and B) by comparisonwith REEP5/DP1
and the reticulons (C). The microtubule binding sequence of REEP3/4 is indicated. This region is absent
from REEP5/DP1.
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Previewregion was replaced by the correspond-
ing sequence in REEP5/DP1 was unable
to substitute for wild-type REEP3/4. The
implication from these findings is that
clearance of ER membranes from the
mitotic spindle by REEP3/4 is microtubule
dependent.
The authors speculate that poleward
movement of REEP3/4, by way of either
microtubule flux or interaction with a
minus-end motor protein such as cyto-
plasmic dynein, would sweep ER and
nuclear membrane proteins away from
the vicinity of the chromosomes. How-
ever, observations of STIM1, an entirely
unrelated ER membrane protein, suggest
that the story may have additional layers
of complexity (Smyth et al., 2012).
STIM1 is a type 1 membrane protein and222 Developmental Cell 26, August 12, 2013Ca2+ sensor that binds to microtubules
via EB1, a plus-end-binding protein. In
this way, STIM1 is able to couple ER
tubule extension with microtubule plus-
end growth. The interaction between
STIM1 and EB1 is regulated by phosphor-
ylation during mitosis. This makes perfect
sense because mitotic phosphorylation of
STIM1 prevents ER membranes from
tracking with the tips of spindle microtu-
bules. Indeed, introduction of nonphos-
phorylatable STIM1 into HeLa cells results
in the continued association of ER mem-
branes with microtubules and ingression
of ER tubules into the mitotic spindle.
However, this form of mitotically active
STIM1 does not promote the associa-
tion of ER membranes with metaphase
chromosomes or cause premature NEª2013 Elsevier Inc.assembly. Evidently, merely having ER
membranes in the wrong place will not
necessarily lead to mitotic defects. It is
important to bear in mind, however, that
REEP3/4 is still functional in cells express-
ing nonphosphorylatable STIM1. At a
trivial level, REEP3/4 may be able to
drive sufficient poleward movement of
ER membranes to counterbalance the
STIM1-mediated flow of ER tubules
toward the spindle equator. There is
also the possibility (albeit slimmer) that
REEP3/4 could have a more selective
role in directing the poleward movement
of nuclear membrane components. In
any event, Schlaitz et al. (2013) have
provided important new insights into the
exclusion of membranes from the mitotic
spindle by REEP3/4. Furthermore, their
findings suggest that these proteins may
have a hitherto-unforeseen role in the
regulation of nuclear membrane reforma-
tion at the end ofmitosis that goes beyond
the more familiar posttranslational mitotic
modifications of NE components.
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